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Alternatives to formic acid as a grass 
silage additive under two contrasting 
ensilability conditions
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The effects of formic acid and four alternative additives on silage fermentation, in-silo 
DM losses and aerobic stability were compared in an experiment using both difficult-
to-ensile (DIFF) and easier-to-ensile (EASI) herbages. Both were ensiled in laboratory 
silos with either no additive or following the application of formic acid (FA; 850 g/kg) 
at 3 mL/kg herbage, Add-SaFeR® (ATF1) and GrasAAT® (ATF2), both based on ammo-
nium tetraformate, at 4 mL/kg herbage, an antimicrobial mixture (MIX; potassium 
formate, sodium disulfite and sodium benzoate) at 3 g/kg herbage, or Ecosyl (LAB; 
Lactobacillus plantarum) at 3 mL/kg herbage. There were four replicates per treatment 
and the silos were stored for 132 days. DIFF silage made without additive was poorly 
fermented. All additives increased the extent and improved the direction of DIFF silage 
fermentation, and reduced in-silo losses. However, MIX did not reduce butyric acid 
concentration and increased the extent of aerobic deterioration. LAB had a smaller 
effect on fermentation and in-silo losses than FA. With EASI silages, all additives 
restricted the extent of fermentation and improved fermentation quality, with the latter 
effect being smaller than for DIFF silages. LAB promoted a particularly homolactic 
fermentation but subsequently increased aerobic deterioration. In both DIFF and EASI 
silages additive treatment improved in vitro digestibility. It is concluded that only ATF1, 
ATF2 and MIX were as effective as FA at improving silage preservation and reducing 
in-silo losses with both DIFF and EASI herbages. However, ATF1 and ATF2 were supe-
rior in reducing the apparent extent of proteolysis and MIX was slightly less effective 
at reducing the activity of saccharolytic Clostridia. 
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Introduction
Additives applied to herbage during silage-
making are used primarily to reduce con-
servation losses and therefore retain as 
much as feasible of the nutritive value of 
the ensiled herbage. Thus, their mode of 
action can include limiting respiration or 
proteolysis by plant enzymes, manipulat-
ing fermentation, inhibiting the activity 
of aerobic micro-organisms such as yeast 
and mould, and reducing effluent output 
(Kung, Stokes and Lin, 2003). 
Formic acid applied at moderate rates of 
application to difficult-to-preserve herb-
age (i.e., low water soluble carbohydrate 
(WSC) concentration, high water activity 
and high buffering capacity) is particu-
larly effective at inhibiting the activity of 
undesirable bacteria, such as Clostridia 
and Enterobacteria; thereby, it may per-
mit lactic acid bacteria to dominate the 
fermentation (McDonald, Henderson 
and Heron, 1991; O’Kiely, 1993; Randby, 
2000). However, the associated improve-
ment in fermentation characteristics can 
be associated with a disimprovement in 
aerobic stability (O’Kiely, 1993). At higher 
rates of application and particularly under 
easy-to-preserve conditions, formic acid 
restricts the overall extent of fermentation 
(Carpintero, Henderson and McDonald, 
1979), and can improve aerobic stability 
(O’Kiely, 1993). In wet crops, it can be 
associated with a more rapid outflow of 
effluent (O’Kiely, 1993). The use of formic 
acid has declined in farm practice, partial-
ly due to concerns relating to its corrosive 
effects on machinery and concrete, and its 
potential as a health hazard to human tis-
sue (Mayne and O’Kiely, 2005). Although 
the overall improvement in the standard 
of silage-making on farms has reduced 
the requirement for additives such as for-
mic acid, unfavourable weather conditions 
together with difficulties sometimes aris-
ing from management practices mean that 
conditions still occur where an effective 
aid to preservation is required (Mayne 
and O’Kiely, 2005). 
Ammonium tetraformate, alone or with 
corrosive inhibitors included, is less cor-
rosive than formic acid (Kung et al., 2003). 
When applied to wet herbage it dissociates 
and at the same molar rate of acid has 
been shown to be as effective as formic 
acid at assisting preservation (Randby, 
2000). However, these effects have not 
been consistent (Santi et al., 1983). 
Another alternative is to use powder or 
granular additives containing a salt of for-
mic acid and possibly other antimicrobial 
compounds. One such product containing 
potassium formate, sodium disulfite and 
sodium benzoate was used in the experi-
ment reported in this paper. Although little 
information has been published on the use 
of potassium formate, sodium formate has 
not been consistently effective at improv-
ing silage fermentation when applied alone 
to easier-to-ensile (Cussen et al., 1995) 
or difficult-to-ensile (O’Kiely et al., 1999) 
herbage. Sodium disulfite has proved to 
be an effective bacteriostatic agent when 
applied to maize silage as a sole additive 
(Kung et al., 2003). Sodium benzoate is 
an antifungal agent commonly used in the 
food industry (Kung et al., 2003).
In general, bacterial inoculants appear 
to be less effective than formic acid when 
applied to wet and difficult to ensile crops 
(Harrison and Blauwiekel, 1994). Most 
published experiments reporting beneficial 
effects of such inoculants on wet crops 
have been under conditions where silage 
made without additive did not preserve 
particularly badly (Rooke et al., 1988; 
Rooke, Borman and Armstrong, 1990; 
Rooke and Kafilzadeh, 1994; Merry, 
Dhanoa and Theodorou, 1995; Cussen 
et al., 1995; Davies et al., 1998). Under 
these conditions, inoculants frequently 
increased lactic acid and reduced pH and 
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ammonia N (Rooke et al., 1988; Rooke 
et al., 1990; Merry et al., 1995; Cussen 
et al., 1995). However, the small number 
of reports relating to ensilage of low-WSC 
difficult-to-ensile herbage indicate less 
reliable or no benefits. Rooke et al. (1990) 
and Lindgren, Bromander and Pettersson 
(1988) demonstrated improvements in 
preservation, but to a lesser extent than 
considered optimal, while Davies et al. 
(1998) and O’Kiely et al. (1999) found very 
small or no benefits.
The objective of the present experiment 
was to compare, within a single experiment 
and using both difficult-to-preserve and 
easy-to-preserve herbages, the effects of 
formic acid, alternative products based on 
formic acid, and a homofermentative lactic 
acid bacteria inoculant, on silage conserva-
tion characteristics. In addition, two slight-
ly different additives based on ammonium 
tetraformate were also evaluated.
Materials and Methods
Grass crop and harvest
Cattle slurry was applied at 28 m3/ha to a 
permanent grassland sward (746 g Lolium 
perenne, 118 g Poa spp., 92 g Agrostis spp. 
and 44 g of other species per kilogram, on 
a dry matter (DM) basis) on 16 February. 
Inorganic fertilizer was applied at 113 
kg/ha N (as urea), 26 kg/ha P and 113 
kg/ha K on 12 March. An objective was to 
produce both difficult-to preserve (DIFF) 
and easier-to-preserve (EASI) herbage. 
DIFF herbage was shaded by a polythene 
canopy (O’Kiely, 1993) for 48 h prior to 
cutting to a 5 cm stubble height using a 
reciprocating mower. It was then picked 
up immediately using a precision-chop har-
vester (Pottinger, Mex VI; Grieskirchen, 
Austria) set to a theoretical chop length 
of 19 mm. EASI herbage was not shaded 
and was mown and harvested as described 
above, except that it was field wilted for 
24 h during dry weather conditions. The 
EASI herbage was mown 24 h before, 
and was precision chopped immediately 
before, the DIFF herbage. Each harvested 
herbage was thoroughly hand mixed and 
sampled (n=6) for chemical analyses. 
Ensiling
Four representative samples of DIFF herb-
age (each 7 kg) and EASI herbage (each 
6 kg) were randomly allocated to each of 
the following additive treatments:
1. No additive (control treatment).
2.  Formic acid (FA; formic acid 
(850 g/kg, density 1.192 kg/L) applied 
at a rate of 3 mL per 1 kg of grass 
(Add-F®, Interchem Ltd, Cherry 
Orchard Industrial Estate, Dublin 10). 
3.  Ammonium tetraformate (ATF1; 
640 g formic acid plus 70 g ammonia 
per 1 kg additive, density 1.179 kg/L) 
applied at 4 mL per 1 kg grass (Add-
SaFeR®, Interchem Ltd, Cherry 
Orchard Industrial Estate, Dublin 10).
4.  Ammonium tetraformate (ATF2; 645 g 
formic acid plus 60 g ammonia per 1 kg 
additive, density 1.175 kg/L) applied at 
4 mL per 1 kg grass (GrasAAT®, Hydro 
Nutrition, Norway).
5.  Antimicrobial mixture (MIX; 820 g 
potassium formate plus 100 g sodium 
disulfite plus 70 g sodium benzoate 
per 1 kg additive at 3 g per 1 kg 
grass (HA9002®, Hydro Nutrition, 
Norway).
6.  Lactic acid bacterial inoculant (LAB; 
Lactobacillus plantarum, strain 
MTD/1 (NCIMB 40027)) applied at 
3 mL per kg grass (Ecosyl®, Zeneca 
Bioproducts and Fine Chemicals 
Ltd, UK).
Additives were manually and evenly applied. 
In order to prevent cross contamination 
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the worktop was disinfected after each 
treatment and the EASI grass was treat-
ed before the DIFF grass. The treated 
herbages were manually packed (5 kg 
EASI herbage and 6 kg DIFF herb-
age, excluding additive, per silo) into 
48 laboratory silos (height 0.75 m, inter-
nal diameter 0.152 m, internal volume 
13.6 L), as described by O’Kiely and Wilson 
(1991). Compaction was achieved by a 
10.5 kg weight (diameter 0.1 m) placed 
on top of the herbage, inside the silo. 
The laboratory silos were immediately 
sealed by a screw-on top with a rubber 
seal and stored at 15 °C. The silos were 
opened after 132 days and both silage 
and effluent (if any) were weighed and 
sampled. Effluent DM concentration and 
pH were determined, and silage samples 
were stored at −18 °C until they were 
thawed for chemical analyses.
In-silo losses
Total DM loss was calculated as the differ-
ence between total herbage DM ensiled 
and the silage DM removed from the silo, 
expressed as a proportion of total herbage 
DM ensiled. The effluent DM loss was 
calculated as the effluent DM collected, 
expressed as a proportion of herbage 
DM ensiled. The invisible (respiration + 
fermentation) DM loss were calculated as 
the difference between total and effluent 
DM losses. 
Silage aerobic stability
After sampling, the remaining silage from 
two replicates per treatment was mixed, 
giving duplicate composite samples (6 kg 
each) per treatment for assessment of 
aerobic stability. Each composite sample 
was placed in a polythene-lined polystyrene 
box (59 cm × 39 cm × 22 cm; 2.5 cm thick) 
with a polystyrene lid loosely fitted, and 
stored at 20 °C for 12 days, as described by 
O’Kiely (1993). The pH and temperature 
were monitored daily. Silage temperatures 
were compared with those of containers 
of water held in the same environment 
(reference temperature). The following 
indices of aerobic stability and deteriora-
tion were used:
1)  The interval (days) until pH rose 
0.2 above the initial value.
2)  The interval (days) until the maximum 
pH was achieved.
3)  The maximum pH achieved.
4)  The interval (days) until the tempera-
ture rose more than 2 °C above the 
reference temperature.
5)  The interval (days) until the maximum 
temperature was achieved.
6)  The maximum temperature (°C) rise 
above the reference temperature.
7)  The sum of the daily temperature 
rises above the reference temperature 
for the first 5 days.
Chemical analysis of grass
Grass DM was determined by drying 
subsamples at 98 °C for 16 h in an oven 
with forced air circulation. Subsamples 
dried at 40 °C, for 48 h, were ground 
through a 1 mm screen in a Retch mill 
and analysed for ash (by combustion in 
muffle furnace at 550 °C for 5 h), in 
vitro dry matter digestibility (DMD; Tilley 
and Terry, 1963, with the modification 
that the final residue was isolated by 
filtration rather than by centrifugation), 
crude protein (CP; N × 6.25; AOAC, 1990, 
using a LECO FP 428 Nitrogen Analyser) 
and buffering capacity (BC; Playne and 
McDonald, 1966). Subsamples stored at 
−18 °C were comminuted using an indus-
trial food processor, thawed and their juice 
was extracted and analysed for pH with a 
pH electrode, water soluble carbohydrates 
(Wilson, 1978) and nitrate (Beutler, Wurst 
and Fischer, 1986). 
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Chemical analysis of silage
Silage DM was determined by drying at 
40 °C for 48 h. Dried, milled subsam-
ples were used for the assessment of 
in vitro DMD and CP as described for 
grass. pH was determined on the silage 
aqueous phase using a pH electrode. 
Liquid extracts were used for estimat-
ing WSC (as described for grass), lactic 
acid (using a Ciba/Corning Diagnostics 
550 Express clinical chemistry analyser 
according to the method of Boehringer 
Mannheim (Catalogue No. 139004)), ace-
tic, propionic and butyric acids (by gas 
liquid chromatography; Ranfft, 1973) and 
ammonia-N (O’Keeffe and Sherington, 
1983). The concentration of fermenta-
tion acids (FEA) was calculated as the 
sum of concentrations of lactic, acetic, 
propionic and butyric acids expressed 
on a DM basis. Ethanol concentration 
was not assessed. Ammonia-N values 
were also corrected by subtracting, on 
a DM basis, the ammonia and N added 
by the additives ATF1 and ATF2 (2.02 
and 1.73 g/kg for DIFF, and 1.27 and 
1.09 g/kg for EASI herbage, respective-
ly), and assuming no losses of ammonia 
occurred during ensilage and sample pro-
cessing. Effluent DM concentration (total 
dissolved solids) was d etermined using a 
refractometer and pH was measured with 
a pH electrode.
Statistical analyses
Silage composition data were subjected to 
two-way analysis of variance for a 2 (herb-
age type) × 6 (additive) factorial arrange-
ment of treatments within a completely 
randomised design, using Proc GLM of 
SAS (SAS, 2000). Aerobic stability data 
for each herbage type were analysed sepa-
rately by one-way analysis of variance. 
Treatment means for a priori contrasts 
were separated by the least significant 
difference procedure.
Results
Grass
The mean chemical composition of the 
herbages at ensiling is summarized in 
Table 1. Numerically, the DM, DMD and 
WSC values were lower and CP and BC 
were higher for DIFF compared to EASI 
herbage. 
Silage
Silage chemical composition and in-
silo losses are presented in Table 2. 
Interactions occurred between herbage 
Table 1. Mean (s.d.) chemical composition of herbage prior to ensiling
Variable1 Herbage type2  
DIFF EASI
DM (g/kg) 163 (14.0) 259 (10.9)
Ash (g/kg DM) 98 (4.7) 95 (2.7)
DMD (g/kg) 788 (4.0) 807 (21.3)
CP (g/kg DM) 170 (7.7) 158 (3.3)
NO3 (g/kg DM) 1.52 (0.220) 0.97 (0.162)
WSC (g/kg DM) 72 (11.7) 97 (11.3)
BC (mEq/kg DM) 577 (23.2) 533 (9.3)
pH 6.42 (0.183) 6.58 (0.041)
1 DM = dry matter, DMD = in vitro dry matter digestibility, CP = crude protein, NO3 = nitrate, WSC = water 
soluble carbohydrates, BC = buffering capacity. 
2 DIFF = difficult-to-ensile; EASI = easier-to-ensile.
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type and  additive treatment for all vari-
ables except butyric acid concentration 
and DMD. 
Fermentation quality
DIFF silage made without additive was 
poorly fermented, as indicated by its rela-
tively high pH, ammonia-N and volatile 
fatty acid values, and its low concentration 
of lactic acid. Additives containing formic 
acid (FA, ATF1, ATF2 and MIX) improved 
fermentation, reducing (P < 0.001) pH, 
corrected and uncorrected ammonia-N, 
and acetic and propionic acid concentra-
tions, and increasing (P < 0.001) lactic acid 
as a proportion of DM and of fermentation 
acids. All additives, except MIX, reduced 
(P < 0.05) butyric acid concentration. Each 
of these additives increased (P < 0.001) the 
concentration of fermentation acids and 
this effect was larger (P < 0.05) with ATF2 
than with ATF1. Uncorrected ammonia-N 
was reduced less (P < 0.001) by ATF1 and 
ATF2 than by MIX, and the latter less (P 
< 0.05) than by FA. However, corrected 
ammonia-N was reduced more (P < 0.05) 
by ATF1 than by ATF2, and by both of 
these (P < 0.001) than by either FA or 
MIX. pH was higher (P < 0.01) with MIX 
than with the other additives containing 
formic acid. Lactic acid concentration was 
higher (P < 0.05) with MIX than ATF1. 
LAB also enhanced the fermentation 
quality of DIFF silage, reducing (P < 
0.001) pH and acetic acid and increasing 
(P < 0.001) lactic acid as a proportion of 
DM and of fermentation acids. However, 
these effects were smaller (P < 0.001) 
than formic acid based additives. LAB 
reduced (P < 0.05) butyric acid concentra-
tion to a similar extent as FA, ATF1 and 
ATF2, and reduced uncorrected and cor-
rected ammonia-N similarly to MIX. The 
application of LAB increased the extent of 
fermentation similarly to the other addi-
tives except ATF2.
The preservation of silage made from 
EASI herbage without an additive was 
improved, relative to DIFF, as indicated 
by its reduced (P < 0.05) pH, acetic, pro-
pionic and butyric acid, and ammonia N 
values, and higher (P < 0.001) lactic acid 
as a proportion of DM and fermentation 
acids. The extent of fermentation was 
also increased (P < 0.001). All additives 
improved fermentation quality, but to a 
lesser extent than for DIFF silages. They 
reduced (P < 0.001) acetic and propionic 
acid, and increased (P < 0.001) lactic 
acid as a proportion of fermentation 
acids. In contrast to DIFF silages, each 
of the additives restricted (P < 0.001) 
the extent of fermentation to a similar 
degree. LAB reduced (P < 0.05) acetic 
acid and increased (P < 0.05) lactic acid 
as a proportion of fermentation acids 
more than other additives, except MIX. 
Uncorrected ammonia-N was reduced 
(P < 0.01) only by FA and LAB, but 
was increased (P < 0.001) by ATF1 and 
ATF2. However, corrected ammonia-N, 
was reduced (P < 0.001) the most by 
ATF1, and by ATF2 more (P < 0.01) 
than FA. 
Estimated nutritive value
Additives containing formic acid increased 
(P < 0.001) the DM concentration and 
DMD of DIFF silage to a similar extent. 
CP concentration of DIFF silage was 
increased (P < 0.05) by ATF1 and ATF2, 
and reduced (P < 0.01) by MIX. The ratio 
of silage WSC + FEA to grass WSC was 
increased (P < 0.001) by all acid-based 
additives, and more (P < 0.05) by ATF2 
and MIX than by ATF1. LAB increased 
(P < 0.01) DM concentration less than 
acid-based additives, and it increased (P < 
0.01) DMD less than FA, ATF1 and MIX. 
LAB also increased the ratio of silage 
WSC + FEA to grass WSC, although less 
(P < 0.01) than ATF2 and MIX.
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detected within DIFF or EASI silages 
for any index of aerobic stability. Aerobic 
deterioration, as indicated by accumulated 
temperature rise to day 5, was disimproved 
(P < 0.001) by MIX among DIFF silages 
and by LAB among EASI silages.
Discussion
Grass
The herbage used in this experiment was 
harvested at an early stage of maturity 
and this was reflected in the high CP 
and DMD values. Ash concentration was 
normal and did not differ between DIFF 
and EASI herbage, suggesting that soil 
contamination was not an issue with either 
herbage. The ensilability indicators for 
the DIFF grass, low DM and WSC con-
centrations and high BC, indicated that 
it was likely to be difficult to preserve as 
silage. In contrast, the absence of shad-
ing plus the occurrence of field drying 
allowed an improvement of these indices 
for the EASI herbage. Shading has previ-
ously been shown to reduce DM concen-
tration (O’Kiely, 2002) and WSC con-
centration (O’Kiely, Brooks and Doyle, 
2001; Pettersson and Lindgren, 1990) 
and increase BC (O’Kiely et al., 2001; 
O’Kiely, 2002; Pettersson and Lindgren, 
1990), while successful wilting over 24 h 
was repeatedly shown to increase DM 
concentration and reduce BC (O’Kiely 
et al., 2005). In the present experiment the 
reduction in BC for the EASI herbage can 
be partially explained by the correspond-
ing decline in CP (McDonald et al., 1991), 
while the corresponding increase in DMD 
was likely due, in part, to the parallel 
increase in WSC concentration.
Fermentation quality
All additives enhanced fermentation 
quality of both DIFF and EASI silages. 
The EASI herbage increased (P < 
0.001) DM concentration and DMD and 
reduced (P < 0.001) the CP concentra-
tion of silage made without an additive. 
Additives containing formic acid increased 
(P < 0.05) DM and WSC concentra-
tions, and reduced (P < 0.001) the ratio 
of silage WSC + FEA to grass WSC of 
EASI silage. Among the acid-based addi-
tives, FA and MIX reduced (P < 0.05) 
the CP concentration. LAB increased 
(P < 0.001) DM concentration and reduced 
(P < 0.001) the ratio of silage WSC + 
FEA to grass WSC, to a similar extent as 
did the acid-based additives, but increased 
(P < 0.001) WSC concentration to a 
greater extent than did the acid based 
additives. It reduced (P < 0.001) the CP 
concentration to a similar extent as MIX 
and further (P < 0.05) than the other acid 
based additives.
In-silo losses
Only DIFF silages produced effluent. 
Effluent production was not modified 
by the use of additives (P > 0.05), but 
effluent DM concentration was increased 
(P < 0.05) by FA and MIX. Effluent DM 
losses were increased (P < 0.05) by MIX 
and reduced (P < 0.05) by the LAB. For 
DIFF silages each of the additives con-
taining formic acid reduced (P < 0.001) 
to a similar extent the invisible and total 
losses. DIFF silage made with LAB also 
reduced (P < 0.01) these losses, although 
to a lesser extent (P < 0.05) than for the 
other additives. In the absence of addi-
tive application, EASI silage had lower 
(P < 0.001) invisible and total DM losses 
than DIFF silages. With EASI silages all 
additives, except FA, reduced (P < 0.05) 
invisible and total DM losses.
Aerobic stability and deterioration
Aerobic stability results are shown in 
Table 3. No effects of additives were 
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However, with DIFF silages the oppor-
tunity for improvements in fermentation 
quality were considerably greater and 
therefore the beneficial effects of using 
additives were larger, in agreement with 
Parker and Crawshaw (1982). 
DIFF silage
DIFF silages underwent an extensive fer-
mentation, reflecting the effects of the low 
DM concentration (high water activity) 
and high buffering capacity of the herbage 
ensiled. The DIFF silage made without 
additive was poorly preserved (high pH 
value, fermentation acids not dominated 
by lactic acid, and extensive breakdown 
of proteins to ammonia N), reflecting 
the ensilability characteristics already dis-
cussed. Silage was not dominated by lactic 
acid bacterial or saccharolytic clostridial 
activity, as indicated by the low proportion 
of lactic acid in the fermentation acids and 
the low butyric acid concentration, respec-
tively. The high concentration of acetic 
acid suggests an enterobacterial fermen-
tation occurred. However, under WSC 
deficient conditions, some fermentation 
of lactate to acetate by lactic acid bacte-
ria could also have occurred (McDonald 
et al., 1991). 
With DIFF silages, the additives based 
on formic acid prompted a reduction 
in enterobacterial and saccharolytic 
clostridial activity, in general agreement 
with the review by Kung et al. (2003). This 
effect reflects the immediate decline of 
forage pH when FA is applied, together 
with its more inhibitory effects on these 
bacteria than on lactic acid bacteria. 
Similar results were reported by O’Kiely 
(1993), O’Kiely et al. (1999) and Randby 
(2000), working also with difficult-to-ensile 
herbage, and by Carpintero et al. (1979), 
when applying low concentrations of FA 
(0.4 g/kg herbage) to easier-to-ensile herb-
age. In contrast to Kung et al. (2003), 
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in NH3-N between FA and ATF2 treated 
silages when applied at the same rates as 
in the present experiment, but to a mix-
ture of Phleum pratense, Festuca prantesis 
and Trifolium pratense. The more marked 
impact of ATF2 at reducing the extent of 
proteolysis between the present experi-
ment and Randby (2000) can be related to 
the differences in botanical composition 
of herbage and/or to the assumption that 
none of the NH3 applied with the addi-
tive was lost during ensiling or sample 
processing. The data presented show that 
ammonium tetraformate, when applied at 
the same concentration of acid, can be a 
potentially less corrosive and hazardous 
(Kung et al., 2003) alternative to FA and 
confirms the results of previous experi-
ments (Randby, 2000; Kung et al., 2003).
The powder additive, MIX, although 
it did promote a major improvement in 
fermentation, nevertheless proved to be 
less effective than FA, ATF1 or ATF2 at 
reducing pH and the extent of proteolysis 
and it failed to reduce butyric acid con-
centration. This could be due to either a 
less complete and even dispersal through 
the herbage, common with powder addi-
tives (Haigh, 1987), and/or to the effect 
of the different composition of MIX. 
The amount of formate provided by MIX 
(29 mol/t grass) is below the recommend-
ed rate of formic acid as a sole active 
ingredient (44 to 88 mol/ t grass, Kung 
et al., 2003) and less than half that applied 
with FA, ATF1 or ATF2. It would appear 
that the other active ingredients, sodium 
disulfite, an antimicrobial agent, and sodi-
um benzoate, an antifungal agent (Kung 
et al., 2003), applied with MIX at a rate of 
2 and 1 mol/t grass, respectively, failed to 
compensate for the lower concentration of 
formate. Thus, the relatively high values 
of NH3-N in DIFF silages treated with 
MIX could have resulted from a lower and 
slower decline of pH permitting a greater 
but in agreement with Carpintero et al. 
(1979), the additives based on formic acid 
increased the apparent extent of fermen-
tation. This could be partially explained 
by the formic acid increasing the supply 
of fermentable substrate by causing acid 
hydrolysis of hemicellulose (Muck, 1988) 
and thus facilitating fermentation under 
conditions of high water activity and high 
BC. In addition, more efficient fermenta-
tion associated with the replacement of 
the activity of Enterobacteria and sac-
charolytic Clostridia by lactic acid bacteria 
activity would have reduced losses of CO2 
resulting in more DM remaining in fer-
mentation products.
FA, ATF1 and ATF2, all applied at the 
same molar rate of formic acid (66 mol/t), 
resulted in similar fermentation profiles, 
and this agrees with Randby (2000) and 
Haigh and Chapple (1997). All of the 
formic acid based additives reduced the 
extent of proteolysis, as previously report-
ed by Kung et al. (2003). This outcome can 
be explained by the inhibition of plant pro-
tease activity resulting from the immediate 
and large decline in pH (Charmley, 2001), 
together with the decrease of enterobacte-
rial activity (Pahlow et al., 2003). The com-
plex mixtures of formic acid with ammonia 
(ATF1 and ATF2) were more effective at 
reducing the extent of proteolysis than 
FA or MIX, as indicated by the lower 
corrected NH3-N. Anhydrous ammonia 
is commonly applied as a non protein 
nitrogen source when making maize silage 
(Harrison and Blauwiekel, 1994), but at 
a rate 10 times higher than that provided 
by ATF1 and ATF2 in the present experi-
ment (Kung et al., 2003). At such high 
rates of application to maize, it has been 
reported to partially inactivate enzymatic 
proteolysis, directly or via an elevated 
pH (Johnson, Huber and Bergen, 1982). 
In contrast to the present experiment, 
Randby (2000) did not find differences 
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activity of plant proteases, enterobacteria 
and clostridia (Rooke and Hatfield, 2003; 
and Pahlow et al., 2003).
Although LAB increased lactic acid 
concentration and reduced pH and ammo-
nia N, in agreement with Pettersson and 
Lindgren (1990) and Rooke et al. (1990), 
who also ensiled grass of low WSC con-
centration, the scale of promotion of a 
lactic acid dominant fermentation was 
less than achieved by the formic acid 
based additives. The latter agrees with 
Davies et al. (1998) and with one of the 
experiments reported by Pettersson and 
Lindgren (1990). The reduction in acetic 
acid concentration, likely reflecting a sig-
nificant inhibition of enterobacterial activ-
ity (Pahlow et al., 2003), contrasted with 
the findings of Rooke et al. (1990) and 
Davies et al. (1998), and was also less than 
achieved with the formic acid based addi-
tives. Furthermore, propionic acid con-
centration was not reduced by inoculation 
with LAB. These observations indicate 
that LAB improved the preservation qual-
ity of DIFF silages, but to a lesser extent 
than formic acid based additives, in agree-
ment with Davies et al. (1998), but in con-
trast to Lindgren et al. (1988). LAB also 
increased the apparent extent of fermen-
tation of DIFF silages, to a similar extent 
to some of the formic acid based additives. 
This effect may be partially explained by 
the acid hydrolysis of hemicellulose and 
by the more efficient fermentation, but the 
higher pH of silage with LAB compared 
with formic acid suggests that these are 
not the only explanations.
EASI silage
The improved preservation of EASI com-
pared to DIFF silage, when no addi-
tive was applied, reflects the ensilability 
indices previously mentioned. The higher 
concentration of fermentable substrate 
in the EASI herbage permitted a more 
extensive fermentation, while the lower 
BC favoured a faster and larger decline of 
pH. These conditions, allied to the higher 
DM (and thus lower water activity), per-
mitted a lactic acid fermentation to domi-
nate and this effected a major reduction in 
the apparent activity of enterobacteria, as 
described by Pahlow et al. (2003). 
With EASI silages, all additives contain-
ing formic acid, including MIX, produced 
similar fermentation profiles. In agree-
ment with previous findings (McDonald et 
al., 1991; Kung et al., 2003), they restricted 
the extent of fermentation, as indicated 
by a lower concentration of fermenta-
tion acids and a higher concentration 
of residual WSC, and favoured a more 
homolactic fermentation, as indicated by 
a higher value of lactic acid as a propor-
tion of total acid concentration. The latter 
was achieved by a much larger reduction 
in acetic and propionic acid concentra-
tions than in lactic acid concentration, in 
accord with Rooke et al. (1988), Davies 
et al. (1998) and Merry et al. (1995) but 
in contrast to Cussen et al. (1995), who 
also applied formic acid to grass of high 
WSC concentration. The positive effect 
of FA, ATF1 and ATF2 in reducing the 
extent of proteolysis was also confirmed 
with EASI silages and rather than being 
due to a lower pH, it was more likely due 
to the initial immediate pH decline due to 
formic acid addition (Rooke and 
Kafilzadeh, 1994; Merry et al., 1995; 
Davies et al., 1998) and subsequently to 
restricted enterobacterial activity. Once 
again, the inclusion of ammonia in a com-
plex mixture with formic acid (ATF1 and 
ATF2) appeared more effective at reduc-
ing the extent of proteolysis than formic 
acid alone. 
MIX did not reduce the extent of pro-
teolysis with EASI silages, despite also 
resulting in a similarly low pH value and 
having restricted enterobacterial activity 
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similarly to the other additives based on 
formic acid. The lower effectiveness com-
pared to other formic acid based additives 
may be explained by the lower rate of 
formic acid addition resulting in a likely 
smaller initial reduction in herbage pH. 
Similar less effective results with pow-
der additives based on formic acid were 
also found by Cussen et al. (1995), using 
sodium formate alone at a concentration 
of 3 g/kg grass, and by Haigh (1987) with 
calcium formate and sodium nitrite in a 
survey of farm silos. 
Application of LAB to EASI grass pro-
moted a strongly homolactic fermentation 
and the scale of this effect was larger than 
for additives based on formic acid, with the 
exception of MIX. Homolactic fermenta-
tion restricted the extent of fermentation, 
in contrast to previous reports on easy to 
ensile herbage (Rooke et al., 1988; Rooke 
and Kafilzadeh, 1994 and Cussen et al., 
1995), but resulted in a higher concentra-
tion of residual WSC, in agreement with 
Rooke et al. (1988), Rooke and Kafilzadeh 
(1994) and Cussen et al. (1995). The more 
homolactic fermentation was achieved by 
a reduction in acetic acid concentration, 
in accord with previous reports (Rooke 
et al., 1988; Rooke and Kafilzadeh, 1994, 
Merry et al., 1995 and Davies et al., 1998), 
but without an increase in lactic acid con-
centration, in accord with Davies et al. 
(1998). LAB also reduced the extent of 
proteolysis, in agreement with Rooke et al. 
(1988), Rooke et al. (1990), Rooke and 
Kafilzadeh (1994), Merry et al. (1995), 
Cussen et al. (1995) and Davies et al. 
(1998), most likely due to a faster rate of 
pH decline (Davies et al., 1998) and the 
restriction of enterobacterial activity.
The concentration of residual WSC 
plus fermentation acids in both DIFF and 
EASI silages, but particularly in the latter, 
considerably exceeded the concentration 
of WSC present in the DIFF and EASI 
herbages at ensiling. This greater output 
of fermentation products than might be 
predicted from the initial supply of appar-
ently fermentable substrate available at 
ensiling has been reported previously 
(Charmley and Veira, 1991, and Merry 
et al., 1995). It indicates that fermentable 
substrate in addition to grass WSC became 
available during ensilage (Charmley, 2001; 
Pettersson and Lindgren, 1990), most like-
ly from the hydrolysis of hemicellulose 
(Muck, 1988).
Losses during ensiling
Losses via effluent occurred only with 
DIFF silages, reflecting their consider-
ably lower DM concentration. That acid 
based additives did not increase effluent 
output is in contrast to O’Kiely (1993). 
Only MIX increased effluent DM losses, 
reflecting the high DM concentration 
of that effluent. The positive effect of 
LAB on effluent DM losses contrasts 
with the results reported when inoculants 
were used in making farm-scale silages by 
Haigh (1998) and Winters, Fychan and 
Jones (2001).
The higher invisible losses of DM for 
the DIFF silages, reflect their much more 
inefficient fermentation. However, some 
of the larger apparent losses could be 
due to losses of volatile compounds (par-
ticularly volatile fatty acids) during oven 
drying for determining silage DM concen-
tration. The general reduction in invisible 
losses when additives containing formic 
acid were used to make DIFF silages 
reflects the effect of the more lactic acid 
dominant fermentation that ensued. These 
latter effects more than compensated for 
their correspondingly more extensive fer-
mentation. In contrast, the smaller reduc-
tion in invisible losses when LAB was used 
reflects the associated smaller improve-
ment in fermentation quality. With EASI 
silages both the restriction in the extent 
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of fermentation and the more homofer-
mentative characteristics can explain the 
reduction of invisible losses. These effects 
were accentuated by all of the additives 
used. 
Aerobic stability
The aerobic stability of DIFF and EASI 
silages cannot be directly compared due 
to the assessment technique used. Their 
different water concentrations and con-
sequently different specific heat capaci-
ties mean that their temperature profiles 
would not be directly comparable. 
The more extensive aerobic deteriora-
tion of DIFF silages treated with MIX was 
likely due to a lower restriction of yeast 
activity associated with a low concentra-
tion of acetic acid (Pahlow et al., 2003). In 
addition, the antifungal properties of sodi-
um disulfite and sodium benzoate (Kung 
et al., 2003) applied as components of 
MIX, did not prove to be sufficiently effec-
tive at reducing aerobic deterioration. 
EASI silage treated with LAB tended 
to be most unstable when exposed to air, 
having a short interval before a tempera-
ture rise was recorded. This was followed 
by a correspondingly more extensive 
aerobic deterioration. The latter can be 
attributed to the more homolactic fer-
mentation and particularly to the lower 
acetic acid concentrations in the LAB 
silage resulting in a lower restriction 
of yeast activity (Pahlow et al., 2003). 
Similar results with well preserved silages 
inoculated with Lactobacillus plantarum 
were reported by McEniry et al. (2007). 
Conclusion
All additives improved silage fermentation 
quality and in vitro digestibility, particu-
larly with DIFF herbage. ATF1, ATF2 and 
MIX were as effective as FA at improving 
silage fermentation and reducing in-silo 
losses with both DIFF and EASI herbages. 
However, ATF1 and ATF2 were supe-
rior in reducing the apparent extent of 
proteolysis, particularly ATF1, and MIX 
was slightly less effective at reducing the 
activity of saccharolytic Clostridia and 
increased the extent of aerobic deterio-
ration. With DIFF herbage, LAB was 
less effective than FA at improving the 
fermentation quality and reducing in-silo 
losses. However, with EASI herbage LAB 
was more effective at promoting a homo-
lactic fermentation, but the aerobic dete-
rioration was subsequently increased.
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